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The thermal evolution of the intergalactic medium (IGM) can serve as a sensitive probe of cosmo-
logical heat sources and sinks. We employ it to limit interactions between dark matter and baryons.
After reionization the IGM temperature is set by the balance between photoheating and adiabatic
cooling. We use measurements of the IGM temperature from Lyman-α-forest data to constrain the
cross-section σ between dark matter and baryons, finding σ < 10−20 cm2 for dark-matter masses
mχ ≤ 1 GeV. This provides the first direct constraint on scattering between dark matter and baryons
at redshift z ∼ 5.
I. INTRODUCTION
The majority of the matter in our Universe is dark,
clustering under the force of gravity but otherwise not in-
teracting with regular baryonic matter [1–3]. The nature
of this dark matter (DM) remains a mystery, with candi-
dates for its composition ranging from scalar fields [4, 5]
to weakly interacting massive particles (WIMP) [6, 7], or
primordial black holes [8–11].
Most cosmological observables within our reach can be
explained by entirely sterile dark matter—coupling only
gravitationally to baryons. However, a small amount of
dark-matter–baryon interaction is possible, and may in
fact be favored to resolve some structure-formation puz-
zles [12–15]. Moreover, interactions may be key to un-
derstanding why the dark-matter and baryonic energy
densities are comparable in magnitude [16, 17]. Different
dark-matter candidates can present distinct interactions
with baryons. It is then clear that measuring (or con-
straining) interactions between baryons and dark matter
can be a powerful probe into the nature of dark matter.
In this paper we propose a novel probe for these inter-
actions, involving the use of the intergalactic medium
(IGM) as a thermostat.
A new interaction vertex between dark-matter and
baryons can give rise to three avenues for detection.
First, baryons can annihilate and produce dark-matter
particles, which could be detected in particle collid-
ers [18], such as LEP [19] and the LHC [20]. Second,
in the converse process dark matter can annihilate and
heat up the baryons [21, 22], or produce gamma-rays [23].
Last, interactions cause dark matter and baryons to scat-
ter off each other. Direct-detection experiments have
been able to severely constrain the scattering between
dark matter and baryons for dark-matter particles heav-
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ier than ∼ 10 GeV [24–26]. Additionally, scattering al-
lows baryons to transfer pressure to the dark matter,
hampering structure formation and leaving an imprint
on the cosmic microwave background (CMB) and on the
Lyman-α forest [27].
Here, we will focus on the effect of scattering on the
thermal history of the IGM. In Refs. [28, 29] this effect
was studied during the dark ages (z ∼ 30), when the
gas temperature could be measured indirectly through
the 21-cm line. This effect also produces spectral dis-
tortions in the CMB, as explored in Ref. [30]. Here we
propose using gas-temperature measurements of the IGM
to probe the scattering cross-section of dark-matter with
baryons. We focus on the era after hydrogen reionization
but before the second reionization of helium, spanning
the redshifts z ∼ 4 − 15. In this era the temperature
of the IGM gas is set by the equilibrium between photo-
heating and adiabatic plus Compton cooling [31]. We will
show how interacting with dark matter can significantly
lower the temperature of the baryons. In particular, we
use the gas-temperature measurements of Refs. [32, 33]
to show that dark-matter–baryon cross sections σ larger
than σ ≈ 10−20 cm2, for dark-matter masses below 1
GeV, are disfavored by the data. This is complementary
to the constraints from Refs. [27] and [30], valid only for
mχ  1 GeV and mχ . 100 keV, respectively.
The outline of this paper is as follows. In Section II we
describe the heating due to dark-matter–baryon interac-
tions. Later, in Section III we find the evolution of the
IGM temperature including interactions; and with it we
constrain the scattering cross-section in Section IV. We
conclude in Section V.
II. THERMALIZATION RATE
We begin with a non-relativistic system composed of
dark-matter particles of mass mχ and velocity vχ, and
baryons of mass mb and velocity vb. In the center of mass
(CM) of this system an elastic collision does not alter the
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2magnitude of the velocity of either particle, only their
direction. We can thus parametrize the final velocity of
the dark-matter particle as
vf,CMχ = v
i,CM
χ nˆ, (1)
where nˆ is a unit vector, and vi,CMχ is the magnitude of
the initial dark-matter velocity in the CM frame. The
momentum transfer per collision is thus [27],
∆pχ = −∆pb = mbmχ
mχ +mb
[|vχ − vb| nˆ− (vχ − vb)] ,
(2)
which is a (non-relativistic) Galilean invariant, and thus
does not change when considered in the rest-frame of
the baryons. Therefore, the energy transferred to each
baryon per interaction is given by
∆Eb = vCM ·∆pb = −∆Eχ, (3)
where the center-of-mass velocity is vCM ≡ (mbvb +
mχvχ)/(mb +mχ).
We now assume that both the baryonic and dark-
matter particles behave as a fluid, which can be described
by a Maxwell-Boltzmann velocity distribution,
fX(v) = (2piu
2
X)
3/2e−v
2/(2u2X), (4)
where u2X ≡ TX/mX , X denotes the fluid (b for baryons
and χ for dark matter) with temperature TX and particle
mass mX , and we use units in which both the Boltzmann
constant kB , and the speed of light, c, are unity. For
simplicity we will only consider scattering off protons, so
that mb = mp = 0.938 GeV, and we will refer to protons
as baryons and gas indistinguishably. The rate of colli-
sions with recoil in the direction nˆ for any given baryon
is |vχ − vb|nχdσ/dnˆ, where dσ is the differential cross
section, and nχ is the number density of the dark-matter
particles, which act as targets. During the redshift range
of interest, the bulk relative velocity Vχb = 〈vχ − vb〉 be-
tween baryons and dark matter is negligible, so we will
ignore it. Thus, the heating rate of the baryon fluid is
Q˙b = nχ
∫
d3vχfχ
∫
d3vbfb|vχ − vb|
∫
dnˆ
dσ
dnˆ
∆Eb(nˆ),
(5)
where the innermost integral can be recast as∫
dnˆ
dσ
dnˆ
∆Eb(nˆ) = −σ¯(|vχ−vb|) mbmχ
mb +mχ
vCM·(vχ−vb),
(6)
by using Eq. (3) and
σ¯ =
∫
dcos θ(1− cos θ) dσ
d cos θ
. (7)
We can rewrite the velocity integrals in terms of two
new variables,
vp ≡
u2bvχ + u
2
χvb
u2χ + u
2
b
, and
vm ≡ vχ − vb, (8)
finding that∫
d3vχfχ
∫
d3vbfb =
∫
d3vpfp
∫
d3vmfm, (9)
where fp and fm are Boltzmann distribution functions,
as in Eq. (4), with widths u−2p = u
−2
b + u
−2
χ and u
2
m =
u2b + u
2
χ, respectively. We decompose the CM velocity
as [29]
vCM = vp +
(Tχ − Tb)
u2m (mχ +mb)
vm, (10)
and noticing that the integral over the variable vp is triv-
ial, as interactions depend exclusively on vm, we find
Q˙b,χ = − ρχµb(Tχ − Tb)
u2m (mχ +mb)
2
∫
d3vmfm v
3
mσ¯(vm), (11)
where µb is the mean molecular weight of the baryons,
and ρi is the average energy density of species i (either
baryons or dark matter), given by ρi(z) = Ωiρcrit(1+z)
3,
where we set Ωb = 0.045 and Ωχ = 0.24, and ρcrit =
3H20/(8piG) is the critical density.
We parametrize the scattering cross section between
dark matter and baryons as a power-law of their relative
velocity [27],
σ¯(vm) = σnv
n
m, (12)
where the index n describes different interaction mod-
els, such as millicharged dark matter (n = −4) [34], and
heavy-mediator interactions (n = 0) [35]. Under this as-
sumption, we can evaluate Eq. (11) to find the baryonic
heating rate
Q˙b,χ = Γb,χ(Tχ − Tb), (13)
where the thermalization interaction rate is defined to be
Γb,χ ≡ ρχµbσn
(mχ +mb)2
(
Tb
mb
+
Tχ
mχ
)n+1
2 2
5+n
2 Γ
(
3 +
n
2
)
√
pi
.
(14)
Notice that in the presence of a relative velocity be-
tween baryons and dark matter, these fluids will tend to
reach both thermal and mechanical equilibrium, which
can generate positive heat for both species [29]. The me-
chanical effect is negligible during the epoch we study,
as the relative velocity—of order 0.1 km/s—is a factor
∼ 100 smaller than the thermal velocity of baryons with
a temperature of ∼ 104 K, so we safely neglect it.
III. IGM TEMPERATURE
We next aim to find how the coupling in Eq. (14) af-
fects the evolution of the IGM temperature. The bary-
onic gas, composed of hydrogen and helium, was first
ionized as a consequence of star formation, with the bulk
3of the ionization occurring by z ∼ 7 [36]. During this
time the gas temperature is roughly determined by the
equilibrium between ionization photoheating and cooling
from both adiabatic expansion and Compton scattering
with CMB photons.
However, at z ∼ 4 HeII gets reionized, likely due to X-
ray emission from quasars [37, 38], and loses its second
electron. This causes an increase in photoheating and
thus raises the gas temperature [39, 40]. Given the un-
certainties in this process we will not attempt to model it,
and instead focus on the redshift range 4 < z < 7. During
this era, the (average-density) baryonic and dark-matter
temperatures—including interactions—evolve according
to [31, 41]
T˙b = −2HTb + ΓC(Tγ − Tb) + 2
3
Γb,χ(Tχ − Tb) + 2
3
Q˙ph,
T˙χ = −2HTχ + 2
3
Γχ,b(Tb − Tχ), (15)
where overdots represent derivatives with respect to
proper time, and we have defined Γχ,b ≡ Γb,χnb/nχ. In
Eq. (15) the Compton thermalization rate is [42]
ΓC =
8µbργneσT
3meρb
, (16)
and Q˙ph is the photoheating term arising from both H
and He ionizations. We compute this term as
Q˙ph =
1
2
1
1 + χHe
∑
X
fX(z)Γh,X , (17)
where χHe ≡ nHe/nH = YHemH/[(1 − YHe)mHe], and
YHe = 0.24 is the helium mass fraction, the index X runs
over {HI,HeI,HeII} and fX is their fraction, and Γh,X
are the photoheating rates, obtained from the CUBA1
code [43, 44] by using the average ionization fractions
from Ref. [45]. We note that dark-matter–baryon inter-
actions can also change the ionization history, although
for the purposes of obtaining an order-of-magnitude con-
straint we ignore this effect.
Figure 1 shows the redshift dependence of the differ-
ent terms of Eq. (15) for the standard IGM temperature
evolution. It is clear that at mean density the photoheat-
ing term dominates and is compensated by both adia-
batic and Compton cooling to reach thermal equilibrium.
Moreover, the effects of He reionization are imprinted in
the photoheating bump at z ∼ 4. We also show the cool-
ing due to baryon interactions with dark-matter particles
of mass mχ = 1 MeV for two cases: n = 0 with a cross
section of σ0 = 10
−20 cm2, and n = −4 with σ−4 = 10−37
cm2, from where we can see that the effects of interactions
are more pronounced at earlier times, when the densities
are higher.
1 http://www.ucolick.org/∼pmadau/CUBA/
In order to find the gas temperature Tb as a function
of redshift we integrate Eq. (15), starting at zi = 15 with
initially cold dark matter Tχ(zi) = 0, and with a baryonic
temperature given by Tb(zi) = Tγ(zd) (1 + zi)
2/(1 + zd)
2,
where we have taken zd = 200 to be the redshift of ther-
mal decoupling between baryons and the CMB photons.
In Fig. 2 we show the “standard” case with no interac-
tions, as well as two cases where a 1-MeV dark-matter
particle interacts with baryons, first with n = 0 and σ0 =
10−20 cm2, and then for n = −4 and σ−4 = 3 × 10−38
cm2. We also show temperature measurements at differ-
ent redshifts [32, 33, 46], obtained from Lyman-α spectra,
in Fig. 2. These measurements have been marginalized
over the slope of the temperature-density relation, in or-
der to find the temperature at mean density [45].
IV. RESULTS
In order to find the maximum amount of DM-baryon
interactions allowed by the data we will follow a conser-
vative approach and not include additional effects, such
as Compton or free-free cooling [31]. Moreover, since
helium reionization is a complicated process, likely with
large fluctuations between different gas patches, it is chal-
lenging to interpret the temperature datapoints at low
redshift. We will, therefore, restrict ourselves to the
datapoints corresponding to Tb = 7100 ± 1200 K and
Tb = 8000 ± 1900 K [32, 33], both at 95 % C.L., corre-
sponding to redshifts z = 6.1 and z = 4.8, respectively,
which should be clean of HeII reionization effects.
We compute Tb as a function of redshift for a set of
dark-matter masses mχ and interaction cross-sections σn
for n = −4 to n = 0. Then, by demanding that Tb
is within the error bars of both data points described
above we arrive to constraints on the dark-matter–baryon
cross section. For simplicity, we will only consider the
strongest constraint from both measurements and disre-
gard the weaker one. Figure 3 shows the constraints for
n = 0 and n = −4, as functions of mχ. In this Figure
we can see that for low dark-matter mass the constraints
are independent of mχ, as expected, since from Eq. (13)
Q˙b ∝ m0χ for mχ  mb ∼ 1 GeV. The IGM temper-
ature measurements rapidly lose constraining power for
mχ & 1 GeV. This is due to the decrease in the dark-
matter number density, which via equipartition leads to
the baryons having to share energy with fewer particles
and thus a more modest decrease in the IGM tempera-
ture. We show the maximum allowed value of the cross
section—in the mχ  mp limit—in Table I, for different
n.
Since the baryon temperature is roughly constant dur-
ing the redshift range of interest we can estimate their
thermal velocity as vth =
√
3Tb/mb ≈ 10 km/s. We
can then translate our constraints σn for each n model
in Table I to a total dark-matter–baryon scattering cross
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FIG. 1: Heating and cooling rates from Eq. (15) in K/Myr as a function of z for the average-density IGM. In
solid-black we show the photoheating term Q˙ph, in dashed-brown the adiabatic term −2HTb, in long-dashed–green
the Compton term ΓC(Tγ − Tb). We also show the cooling for two different cases of baryons interacting with a
1-MeV dark-matter particle, in dotted-blue for n = 0 with σ0 = 10
−20 cm2, and in dash-dotted–red for n = −4 and
σ−4 = 10−37 cm2.
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FIG. 2: Average-density baryon temperature as a function of redshift obtained by integrating Eq. (15). The different
lines represent baryon temperatures, in solid-black for the standard case without interactions, in dotted-blue and dot-
dashed–red for a 1-MeV interacting dark-matter particle, with σ0 = 10
−20 cm2 (n = 0) and with σ−4 = 3 × 10−38
cm2 (n = −4), respectively. We also show the datapoints from Refs [32, 33, 46] for comparison.
5n σn (cm
2)
−4 3.1× 10−38
−2 2.5× 10−29
−1 5.3× 10−25
0 1.0× 10−20
TABLE I: Maximum cross section allowed for interac-
tions between baryons and dark-matter particles with
mass mχ  1 GeV, parametrized as in Eq. (12). The
constraints arise from the gas-temperature measurements
of Refs. [32, 33], both at 95% C.L.
section σ = σnv
−n
th , which enables us to write
σ < 10−20 cm2 (18)
for mχ ≤ 1 GeV, independently of n. This shows that
the specific form of the interactions chosen does not alter
the constraints dramatically.
Before concluding we will detail some additional stud-
ies we have performed.
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FIG. 3: Maximum cross-section σn allowed by the cool-
ing of the baryons, We show the cases with n = 0 and
n = −4 as functions of the dark-matter particle mass mχ
in GeV.
A. High-Redshift Heating
As a check, we have solved the temperature evolution
from Eq. (15) starting at zi = 2000 at the limits σn ob-
tained above, to explore the behavior prior to our initial
redshift zi = 15. We find that Compton heating dom-
inates prior to recombination, binding gas temperature
to the photon temperature, and thus no constraints from
the gas-temperature can be inferred at this early epoch.
However, it can be shown that dark-matter–baryon in-
teractions with n ≥ 1 produce baryonic cooling growing
more rapidly than Compton heating at large z. To avoid
evolving Eq. (15) from some extremely large redshift we
only report results for n ≤ 0.
Moreover, we have checked that our results do not de-
pend on the initial conditions Tb and Tχ at zi = 15 as
long as both temperatures are small (Tb, Tχ . 100 K). So
even if dark matter and baryons were in thermal equi-
librium before z ∼ 15, the fact that reionization heats
baryons causes net heating of dark matter and cooling of
the baryons. This can be viewed as photoheating erasing
all information encoded in the IGM temperature prior to
the epoch of reionization.
B. Dependence on the Photoheating Rate
The effects of the dark-matter–induced cooling on
baryons can be degenerate with the modeling of pho-
toheating. In Ref. [41] it was shown that the reionization
redshift zrei does not have a large impact on photoheat-
ing, as long as zrei & 7, as indicated by CMB data [36].
However, it was also shown that at z ∼ 5 hardening
the spectrum of the ionizing radiation can reduce the
gas temperature. This could be confused with cooling
arising from dark-matter–baryon interactions. There are
two possible avenues to breaking this degeneracy between
photoheating and interactions.
First, future temperature measurements might be able
to distinguish the different redshift evolution of photo-
heating and cooling induced by interactions, as shown in
Fig. 1. This would, however, require detailed understand-
ing of photoheating—and thus emission spectra—across
a wide redshift range.
Second, throughout this work we have computed the
gas temperature at mean density, whereas it is well
known that higher-density gas environments tend to have
higher temperatures [39]. The “equation of state” of the
IGM relates its temperature TIGM to its density contrast
∆ ≡ ρ/ρ¯ with respect to the average density ρ¯. The tem-
perature of the IGM at z ≤ 7 is determined by the equi-
librium between adiabatic cooling and photoheating. It is
thus expected that denser regions, which would produce
more photoheating whilst also supressing adiabatic ex-
pansion, would have larger temperatures. This is usually
represented through the temperature-density relation
TIGM(∆) = Tb∆
γ−1. (19)
The interactions can change this relation, since denser
regions also have larger dark-matter densities and thus
cool the baryons further. We now study this effect. For
small overdensities (∆ ≈ 1), one can find the evolution
of the power-law index approximately as [39]
d(γ − 1)
da
=
Ω0.6M
a
[
2
3
− (γ − 1)
]
+
2Q˙ph
3aHTb
[1− 1.7(γ − 1)] ,
(20)
where we have assumed that the linear growth factor
obeys d logD+/d log a = Ω
0.6
M , and the photoheating rate
scales with temperature as Q˙ph ∝ T−0.7IGM [31]. We can
solve this equation with the initial condition γ−1 = 0 at
6zi = 15, and the fiducial reionization model presented in
Section III, to find that the power-law index asymptotes
to a maximum value of
γmax − 1 = 0.596 (21)
for z  zi. This is in agreement with the result in
Ref. [39] for our fiducial value of ΩM = 0.3.
Given the dark-matter-induced cooling rate from
Eq. (13), we can infer that
Q˙b,χ ∝ T (n+3)/2IGM ∆b, (22)
for Tχ ≈ 0 and where we have assumed adiabatic initial
conditions, i.e., ∆χ ∝ ∆b. This will add a new term to
the evolution of γ − 1 as
d(γ − 1)
da
=
Ω0.6M
a
[
2
3
− (γ − 1)
]
+
2Q˙ph
3aHTb
[1− 1.7(γ − 1)]
+
2Q˙b,χ
3aHTb
[
1− n+ 5
2
(γ − 1)
]
. (23)
We can thus find the change in γ−1 for different interac-
tion indices n and cross sections σn. We will only quote
results for the asymptotic value at z  zi, where we find
γmax − 1 ≈ 0.596 + 0.03 ×
( σ0
10−20 cm2
)
forn = 0,
γmax − 1 ≈ 0.596 + 0.02 ×
( σ−1
10−25 cm2
)
forn = −1,
γmax − 1 ≈ 0.596− 0.003×
( σ−2
10−29 cm2
)
forn = −2,
γmax − 1 ≈ 0.596− 0.03 ×
( σ−4
10−38 cm2
)
forn = −4.
(24)
Here, the change of sign in the extra term for n ≤ −2
arises because the Q˙b,χ contribution to Eq. (23) is mul-
tiplied by a factor (0.5 + 0.3n), where we have used the
value of (γmax−1) from Eq. (21), and thus changes signs
between n = −1 and n = −2.
C. Dependence on the Reionization History
Throughout this work we have assumed the fiducial
reionization history from Ref. [45]. This is only an ap-
proximation because (i) it neglects the change in the ion-
ization fractions from interactions between dark matter
and baryons, which can produce a change in the gas tem-
perature, and (ii) assumes that reionization starts at an
early time (z & 12), whereas all we know is that it has to
be completed by z ∼ 7 [36]. We now show a simple way
to estimate how the latter effect changes our constraints.
From Fig. 2 it is easy to see that the gas tempera-
ture is roughly constant for 4 . z . 12. This enables
us to readily find an order-of-magnitude estimate of the
constraints, by integrating the change in temperature
∆Tb =
2
3
∫
dtΓb,χ(Tχ − Tb), (25)
where we can now set Tχ = 0 and Tb = 8000 K, and plug
the result from Eq. (14) to find
∆Tb
Tb
∣∣∣∣
zi
≈ 5× 1015
( σ
cm2
) [
(1 + zf )
5/2 − (1 + zi)5/2
]
,
(26)
which, for zf = 12 (where the gas temperature stops
growing) and zi = 6 (where our first datapoint lies),
and demanding that ∆Tb/Tb ≤ 0.1, as current data has
roughly 10% precision, yields σ ≤ 4× 10−19 cm2, in the
same order of magnitude as the result derived in Sect. IV,
albeit with a simpler approach. This shows how our con-
straints scale with the redshift zf at which gas first heats
up.
D. Spin Temperature
Molecular gas in galaxies can provide an additional
measurement of the gas temperature, as it exhibits spin
transitions between rotational states that can be excited
by the CMB. The ratio of populations of these levels has
been used to measure the CMB temperature at z . 3
[47]. The molecular gas is clumped, so collisions be-
tween gas particles can also affect the population ratio,
from where the gas temperature might be inferred [48].
This measurement, however, is challenging to interpret
for dark-matter interactions due to many uncertainties,
such as the unknown fraction of gas in molecular and
atomic forms [49] as well as the effects of turbulence [48].
Given these uncertainties, and the fact that this redshift
range z ∼ 2 is already explored by Lyman-α measure-
ments in Ref. [27], we defer the analysis of this method
to future work.
V. CONCLUSIONS
We have shown that IGM temperature measurements
from the Lyman-α forest open a new window into study-
ing interactions between baryons and dark matter. The
gas temperature is heated by ionizing photons and cooled
down by adiabatic expansion and Compton scattering off
CMB photons. This yields a roughly constant tempera-
ture throughout the redshift range 4 . z . 12. Baryons
would be cooled further by interactions with dark mat-
ter, and by comparing their predicted temperature with
the measurements from Refs. [32, 33] we limited the scat-
tering cross-section σ.
A lower photoheating rate can, however, mimic the
effects of interactions, so our constraints ought to be in-
terpreted at the order-of-magnitude level. Nonetheless,
we have shown that interactions would also modify the
equation of state of the IGM, by altering the value of
γ−1. Therefore, precise measurements of this power-law
index, especially of its asymptotic value γmax − 1, will
separate both effects.
7We have only considered the effects of direct scatter-
ing between dark matter and baryons on the gas tem-
perature. A more detailed treatment of these interac-
tions, including the effects of the new force mediator, as
well as inelastic scattering, can be found for example in
Refs. [50, 51].
We can summarize our findings simply as: (i) for dark-
matter masses mχ larger than the proton mass mp ≈
0.938 GeV the effect of cooling on baryons is small, and
thus only weak constraints can be derived; (ii) for mχ .
1 GeV the constraints are independent of both mχ and
the interaction index n, and can be simply recast as
σ ≡ σnv−n ≤ 10−20 cm2. (27)
This constraint complements the one from Ref. [27] of
σ < 10−22 cm2 × (mχ/GeV), valid only for mχ  1 GeV;
as well as the constraint σ < 10−24 cm2 × (keV/mχ)1/2
from Ref. [30], valid only for mχ . 100 keV. Moreover,
ours is the first direct constraint on dark-matter–baryon
scattering at z ∼ 5, opening a new window to employ gas-
temperature measurements to study the nature of dark
matter.
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